ABSTRACT: Conditions of synthesis of poly(ethylene phosphates) in reaction of H 3 PO 4 with HOCH 2 CH 2 OH (EG), the actual path of polycondensation, and structure of the obtained polymers (mostly oligomers) and kinetics of reaction are described. Preliminary kinetic information, based on the comparison of the MALDI-TOF-ms and 31 P{ 1 H} NMR spectra as a function of conversion is given as well. Because of the dealkylation process fragments derived from di-and triethylene glycols are also present in the repeating units. Structures of the end groups (À ÀCH 2 CH 2 OH or À ÀOP(O)(OH) 2 ) depend on the starting ratio of [EG] 
INTRODUCTION
In this article, direct synthesis of poly(ethylene phosphate) based on reaction of ethylene glycol with phosphoric acid is described. The expression ''direct'' is used since some other methods of poly(alkylene phosphates) synthesis are known. Our Note 1 described already the principle and preliminary results. In this article some kinetic data of the principal versus side reaction (dealkylation) are described, and it has been shown for the first time that although H 3 PO 4 has been taken for polycondensation, its dimer, namely pyrophosphoric acid (PP) is the actual phosphorylating agent. The first high-molecular weight polymers (M n up to 10 5 ) with a repeating unit were prepared in our laboratory as early as in 1973, by ring-opening polymerization (ROP).
masses of poly(alkylene phosphates) prepared in our laboratory by ROP varied, depending on the monomer structures. Thus, for the 5-membered cyclic esters (e.g. 2-methoxy-2-oxo-1,3,2-dioxaphospholane) M n $ 10 4 could be reached [further dealkylation-removal of the CH 3 groupsleads to the poly(ethylene phosphate)], 8 whereas ROP of the 5-and 6-membered H-phosphonates gave even higher molar masses (up to 10 5 ). Oxidation of the resulting polymers allowed preparing of the poly(1,3-propylene phosphate), e.g., Transesterification of glycols with dialkyl Hphosphonates was also elaborated leading to the high-molar mass poly(alkylene phosphates) after oxidation of the first prepared poly(H-alkylene phosphonates). [9] [10] [11] Similar methods were used later in other laboratories. [12] [13] [14] More recently these approaches (including ROP) have successfully been used for preparation of polymers for the biomedical field (nerve guides, controlled drugs release), mostly by Leong and coworkers. [15] [16] [17] In our laboratories and in cooperation with other research groups, liquid membranes were prepared which were able to separate Ca þ2 and Mg þ2 and other cations, taking advantage of the known ability of the derivatives of poly(1,2-glycerol phosphates) or poly(1,3-glycerol phosphates) to flux these ions through membranes in living organisms (teichoic acids). 18 Understanding of these transport processes has led to the development of poly(alkylene phosphates) capable in separating (as liquid membranes) cations such as Ni þ2 and Co þ2 (work in cooperation with the Copernicus University, Torun). 19 Finally, block copolymers, having two hydrophilic blocksionic and nonionic (in the repeating units of ionic blocks monoesters of H 3 PO 4 were present) 20 have been used to control crystallization of inorganic salts (like CaCO 3 ). Polymeric phosphates and phosphonates of this structure are the most efficient bonding blocks, when compared with other polyanions. 21, 22 However, all the above described methods of synthesis are based on the nondirect synthetic methods.
Searching for the relevant literature revealed that there are contradicting information even on the synthesis of monoesters of phosphoric acid and low-molar mass alcohols when H 3 PO 4 is used as reactant. Cherbuliez 23 was studying reactions of ethyl and butyl alcohols with H 3 PO 4 and came to an opinion that such a direct reaction is ''practically'' not possible. ''Practically'' means, that reaction is very slow and that the position of equilibrium is shifted very much to the left hand side. For an explanation, Cherbuliez 23 proposed that in contrast to the electronic structure of carboxylic acids, in phosphoric acid (actually, protonated phosphoric acid) there is an electronic octet, preventing phosphorous atom from the nucleophilic attack, that would lead to an ester formation as follows However, in the more recent literature, 24 successful and high-yield formation of the monoesters of phosphoric acid in reaction of H 3 PO 4 with alcohols (e.g. dodecyl alcohol) was reported. 25 The higher molar mass alcohol used allowed elimination of H 2 O from the reaction mixture. In the same work only traces of diesters were however observed (diesters are needed whenever poly(alkylene phosphates) are considered).
The most comprehensive review of the literature on reactions of H 3 PO 4 , P 4 O 10 , pyro-(PP) and polyphosphoricacids (PPA) with alcohols is given in ref. 25 .
There is no information, however, on the reaction of H 3 PO 4 with glycols. Perhaps some information could be found in the abundant patent literature, although our search gave negative results.
Simple poly(alkylene phosphates) have backbones similar to the bare backbones of some biopolymers, namely nucleic and teichoic acids [poly(glycerol phosphates)]. Moreover, esters of phosphoric acids are used as surfactants, plasticizers, extractants, and fire retardants as well as in some other areas (e.g. food additives). 26 Any of these applications, to be practical, requires a simple synthetic method, based on inexpensive and easily available starting materi-als, and the process with no side products formation. Thus, we started exploring reactions of H 3 PO 4 with polyols.
In this article we describe reaction of EG and H 3 PO 4 , leading to short oligomers of the poly (ethylene phosphate) structure. This article also explains the chemistry of the process limiting the higher molar mass polymers formation. Preliminary Note on this method has been published in this Journal. 1 
EXPERIMENTAL Polycondensation of EG with H 3 PO 4
Reactions of H 3 PO 4 with ethylene glycol were usually carried out without solvent (in mass) under normal pressure in the stirred homogeneous mixture of substrates and products (with or without added catalyst). H 2 O was being removed from the system either in the stream of neutral gas at normal or reduced pressure. In some experiments H 2 O was removed by heteroazeotrope with heptane, and the reaction was then kept under vigorous reflux (temperature range 98-120 8C) in a flask equipped with azeotropic receiver (similar to the Dean-Stark water trap). In bulk polycondensation temperatures until 150 8C were used. The progress of esterification was monitored by 31 
P{
1 H} NMR spectroscopy. A sample taken out from the system at the given time was cooled to the room temperature, dissolved in D 2 O, alkalized with 10 N NaOH to pH % 12, and 31 P{ 1 H}NMR spectrum was immediately recorded. Some evidence of hydrolysis was observed only when NMR tubes were kept for a much longer time (more than 5 h). Larger samples taken out for different types of analysis [e.g. MALDI-TOF-ms (MTms)] were kept below 0 8C.
NMR Spectra
All NMR spectra were recorded on a Bruker AC-200 spectrometer. NMR tubes were filled with samples immediately before measurements. Standard acquisition parameters: 1s for 1 H, and 2s for 13 
MALDI-TOF-ms Experiments
Spectra of polycondensation products were recorded either directly, dissolving the sample in the matrix [trihydroxy acetophenone (THA) with addition of ammonium citrate (AC)] or after conversion at first the acid groups into the ammonium salts. Negative and positive ionization spectra were recorded. Products methylated with diazomethane were also analyzed using THA/AC as the matrix; only spectra containing positive ions (MWþ1) were recorded. Some of the MALDI-TOF mass spectroscopy (MTms) spectra were recorded using a Voyager-Elite (PerSeptive Biosystems), the other ones on the Bruker Reflex IV mass spectrometer. In all experiments the accelerating voltage 20 kV was used.
RESULTS AND DISCUSSION
The first experiments were performed with neopentyl glycol (2,2-dimethylpropanediol-1,3) (NPG). This glycol was first chosen since this compound does not contain H atoms attached to the C atom in the b-position to the terminal À ÀOH group, therefore the dehydration could not take place. During reaction of NPG with H 3 PO 4 at various conditions the only observed product was 2-methylbutyraldehyde (MBA), formed almost quantitatively (over 90 mol %). Thus, when H 3 PO 4 and NPG were heated at (e.g.) 120 8C, then the organic reaction product that distilled off from the reaction mixture was almost exclusively MBA. The reaction path could be as shown below (schematically):
(whether reaction involves one molecule of H 3 PO 4 or a dimer, in which after the proton transfer the anion is stabilized by the second molecule of acid, is not known).
The presented reaction path does not pretend to exactness, but shows in which way the aldehyde could be formed. The brackets indicate that some of the transient products that are formed could not be isolated. The identity of MBA was confirmed by 1 H and 13 C{ 1 H} NMR spectra, and formation of the MBA hydrazone in reaction with 2,4-dinitrophenylhydrazine. The hydrazone was identified by NMR spectra and T m . The mass spectra gave molecular mass of MBA hydrazone equal to m/z ¼ 267 in agreement with the calculated mass. Finally, the product was compared with the original MBA (Aldrich). Their bp were practically identical (equal to $90 8C); 1 H and 13 C{ 1 H} NMR were also the same.
H 3 PO 4 -HOCH 2 CH 2 OH Polycondensation
Polymer Structure 31 P NMR Spectra. This polycondensation was conducted either in bulk or in solvents, namely in 1,4-dioxane (giving a homogenous solution at the beginning of reaction; at the later stages polymer precipitates out from solution), or at heterogeneous conditions in hydrocarbon solvents as described in the Experimental section. In the hydrocarbon solvents EG, H 3 PO 4 , and reaction products are not soluble. The heterogeneous mixture was vigorously stirred at the boiling point, removing H 2 O in the form of a heteroazeotrope. In some polycondensations catalysts were used. The progress of reaction was studied by 1 H, 31 P{ 1 H}, and 13 C{ 1 H} NMR. Samples taken at certain time intervals were dissolved in H 2 O at room temperature and brought to pH % 12. It has been proven that during prolonged standing at these conditions (up to 10 h), proportions of the peak areas did not change. In agreement with our earlier works, 27 H} NMR has been measured) indicated that nuclear overhauser effect (NOE) can be eliminated when the time delay equal to 10 s was used. This delay was further adopted for the quantitative integration.
In all three regions of the 31 P{ 1 H} NMR spectrum, namely for M, D, and T, there is a number of single peaks, indicating nonequivalence of the P-atoms in these groups. Several structures could be responsible for these differences. Some are described in the next section. However, in the M area (over 100 of the 31 P{ 1 H} NMR spectra were recorded) there are usually two singlets with small shoulders. The major peak with intensity increasing in time should be related to the ''normal'' end group: À ÀOCH 2 CH 2 OP(O)(OH) OCH 2 CH 2 OP(O)(OH) 2 , the other one, decreasing with time could be related to the (OH) 2 P(O)OCH 2-CH 2 OP(O)(OH) 2 (ethylenediphosphate).
MALDI-TOF Mass Spectroscopy
The 31 P{ 1 H} NMR spectra shortly described in the previous section give only a general information on the structures of the reaction products. More detailed information could have been expected from the MALDI-TOF-ms studies. Analysis of the MTms data is difficult because ionic groups are present in the main chains as well as at the chain ends.
At first MTms was applied for polymers which converted into their ammonium salts, and mixture of trihydroxyacetophenone (THA) and ammonium citrate (AC) was used as a matrix. It is known that at such conditions cations are strongly complexed and the spectrum can be recorded with a negative ionization. 28 At these conditions the observed original mass peaks appear at the positions of molecules in their acidic forms, À1; e.g., for a molecule:
with a molar mass equal to 442, the corresponding peak appears at the molar mass equal to 369 from an anion of a structure given below (or its isomers):
Then, it appeared that when the products are dissolved in the THA/AC matrix, conversion to the ammonium salts is not necessary, and both positive and negative ionization spectra can be recorded.
The MTms spectrum (positive ionization) of a sample prepared at [EG] 0 /[H 3 PO 4 ] 0 ¼ 1.1 (composition of the product is given in the cap- tion of figure) is shown in Figure 2 . The assignments of the corresponding peaks are given directly in the figure, whereas in Table 1 the comparison of the calculated (using a freeware program IsoPro 2.1 by MS/MS Software) and determined m/z are given for a part of spectrum, namely for m/z from 500 to 900 (shown in Fig. 2) .
At the positive ionization the main series of peaks corresponds to oligomers with both types of the end groups, namely À ÀCH 2 CH 2 OH and À ÀCH 2 OP(O)(OH) 2 . The other population of peaks, corresponding to oligomers with both end groups À ÀCH 2 OP(O)(OH) 2 is almost equally frequent and it seems to be much less of macromolecules with both À ÀCH 2 CH 2 OH end groups. There are some macromolecules with À À(CH 2 CH 2 O) n À À units (n ¼ 2 or 3; their origin is discussed in a section ''Side reactions''..) and small population of macromolecules devoid of H 2 O, that could contain cyclic structures from the end-to-end closure or containing cyclics ''in the chain''.
However, at the negative ionization contribution of signals of oligomers with both acidic groups is higher than contribution of chains with both types of the end groups. In Figure 3 fragments of the MTms spectra of the same sample in the same matrix, and differing only by the mode of ionization, are presented. The changes of the response coefficients of products differing by the end groups, when ionization mode is changed from positive to negative, are clearly visible. When ionization is changed from positive to negative, the detected intensity of peaks corresponding to chains with both acidic ends increases, and detected intensity of chains with hydroxyethyl groups (or mixed) at both ends decreases.
Thus, the ratio of the observed intensities does not necessarily correspond to the actual proportions of products at any of the two studied modes of ionization, and perhaps none of the modes of ionization gives the exact ratio. The average value of the two is maybe the closest to reality, although this assumption was not further studied. In the observed structures of macromolecules (with identical, acidic or À ÀCH 2 CH 2 OH end groups, or with both types of the end groups) the branched units, i.e., triester ones like are usually not taken into account because they are formed only at high temperature and/or prolonged polycondensation. These triester structures cannot be distinguished in MTms from their linear isomers when the original macromolecules in their acidic forms are studied. Indeed, in formulae (12) and (13) compositions are identical, namely P n C 2n O 4nþ1 H 6nþ2 .
Therefore, it is not clear, whether MTms signals ascribed to macromolecules of this composition belong to structures (12) or (13) H} NMR spectra (cf. Fig. 1 ), the proportion of the triesters (13) is very low.
Another coincidence of similar compositions of macromolecules differing in structures is illustrated below [macromolecules (14) and (15) (14) and (15) have the same composition, namely P nþ1 C nþ2 O 2(nþ1) H 5nþ7 , and distinction on the basis of the 31 P{ 1 H} NMR spectra is more difficult. These two populations could, however, be distinguished in MTms after methylation, since into macromolecules (14) n þ 3 methyl groups are introduced whereas into macromolecules (15) only n þ 2. To make it clear the corresponding methylated structures are shown as (14 0 ) and (15 0 ).
or Thus, methylation allows distinguishing in MTms all three types of linear macromolecules, differing in the structures of the end groups.
The methylated samples are nonionic. Therefore, the usual influence of the degree of ionicity of our products on the MALDI-TOF-ms response coefficients disappears.
The MTms spectrum (only major peaks are shown) of the methylated product is given in Figure 4 . The dominating signals correspond to the chains having both acidic end groups.
Another example of the MTms spectrum of the methylated product, with negligible amount of triesters (according to the 31 P{ 1 H} NMR) is shown in Figures 5 and 6 . Macromolecules of the highest molar mass that are clearly detected have polymerization degrees over 20 (M n $ 3000). Dominating structures are chains with both acidic end groups (here methylated), as described earlier. The expanded fragment of the spectrum (Fig. 6) shows that contribution of other structures is considerably lower.
In this spectrum signals of oligomers with vinyl end groups, formed as side products by dehydration are also visible. The contribution of this population of macromolecules is low (could not be seen in NMR). The relatively highresponse coefficient of these signals in MTms could result from the relatively high stability of the protonated vinyl esters:
formed during the MTms experiment.
Assuming that the response coefficients in MTms of the methylated oligomers do not depend on the polymerization degree, the P n of the product shown in Figures 5 and 6 is equal to 5.4. Most probably the real P n is higher, remembering that in the most known cases the response coefficient falls down with increasing P n .
How Does the Reaction Proceed?
It is known, that phosphorylation of alcohols when H 3 PO 4 is taken as the reagent is slow, whereas similar reaction with P 4 O 10 is fast. Therefore, an experiment was performed to determine the actual reaction path and to establish the role of pyrophosphoric acid (PP) that may be formed. In Figure 7 the course of this experiment is shown. First, H 3 PO 4 was heated at $100 8C and water was removed azeotropically with heptane. PP (mostly) and some polyphosphoric acid (PPA, d ¼ À19 to À20 ppm) were formed as it was evidenced from the 31 P{ 1 H} NMR spectrum. Approximately 20 mol % of the total amount of the phosphorus atoms were then found in the formed PP (d ¼ À5 to À4 ppm). The corresponding amount of H 3 PO 4 disappeared (accuracy of measurements 5%).
(in further discussion the formation and disappearance of the small amounts of the polyphosphoric acids (tri and four) are omitted).
When EG was introduced into this mixture at 100 8C, PP disappeared almost immediately and $10 mol % of phosphorus moved back to H 3 PO 4 . At the same time, M and D are formed. There should also be 10 mol % of phosphorus in these esters, but due to the larger error in integration of the small peaks, it shows that there is less than 10 mol %. The 10 mol % of H 3 PO 4 formed indicates, however, that PP was indeed used in the esterification of the corresponding amount of EG. If PP were reacting (in the discussed first stage) with H 2 O introduced (as impurity) with EG, the same amount of phosphorus should appear in H 3 PO 4 (i.e. 20%) as disappeared from PP. Then, further heating of the system has shown the usual reaction path in which more M and D are formed. The strict stoichiometry is observed at this period of reaction. When, e.g., 60% of H 3 PO 4 reacted, there is in the system 30 mol % of each of the esters: M and D formed. No PP could be detected at this period of reaction.
Results shown in Figure 7 indicate that formation of PP is relatively slow but its reaction with EG is very fast. Besides, as long as EG is present in the system there is no detectable amount of PP. Therefore, it has experimentally been shown, in agreement with the Cherbuliez's 23 suggestion, that the true phosphorylating agent is not H 3 PO 4 itself but PP, that is present at a certain (low) steady-state concentration throughout the process. Whether H 3 PO 4 contributes to phosphorylation as such was not established. (Fig. 9) .
These results, together with data from Figure 8 allow proposing the following path of reaction:
The rate-limiting steps for the first and further products formation is formation of the pyrostructures. However, the steady-state concentrations of PP and its monoester (MPP) apparently depend on temperature in a different way. Formation of D is faster than formation of M at 100 8C, whereas at 150 8C the reverse order of rates is observed. There are two reactions responsible for the steady-state concentrations of PP and MPP (beside the reactions of PP and MPP with alcohol groups) namely formation and hydrolysis (back reaction). Thus, the resulting steady-state concentrations are described by equations below and the interplay of the forward and back reactions eventually give higher [PP] than [MPP] at 150 8C and the reverse order at 100 8C.
Side Reactions and Complete Scheme of Polycondensation
Small amounts of the side products (below 5%) were detected (besides some ethylene glycol) in water removed from the polycondensation systems. The 1 H NMR spectrum of these products, distilled from the reaction mixture (150 8C) is given in Figure 10 . The presence of the following compounds was established: Formation of these compounds starts from acetaldehyde, which is a stable tautomeric form of the vinyl alcohol. It could be formed by dehydration of EG or by elimination process from the ester structures-monoesters and/or diesters (a small amount of oligomers with vinyl end group were detected in MTms in some experiments, cf. Fig. 6 ). Then, it reacts with EG, giving 2-methyl-1,3-dioxolane reacting further with the next molecule of EG and giving 2,2 0 -dihydroxy diethylene acetal. The amount of these products does not exceed 4.5% of the total amount of the volatile compounds.
The most important side products of polycondensation, with contribution varying in the range from a few to above 20% are oligomeric units in macromolecules derived from diethylene (DG) and triethylene glycols (TG). Not only these side products were detected in repeating units of oligomers (connecting two phosphoric groups or as the end groups) but also as free glycols in the reaction mixture.
In Figure 11 an example of the 1 H NMR spectrum is shown. Description of signals is given in the figure. In the region close to 3.7 ppm signals corresponding to the À ÀCH 2 CH 2 OCH 2 CH 2 À À groups are present. 29 In Figure 12 the region from 60 to 75 ppm of the 13 C{ 1 H} NMR is given, and the major assignments are shown directly in this figure.
The following supposed structures with EG and DG units have to be taken into account (first the backbone and then the end groups are shown).
The main chain:
The end groups:
It follows from the chemical shifts compared with the simulated spectra (using ACD/ChemSketch program, version: 4.55), that at $68 ppm there is a superposition of the chemical shifts belonging to C atoms from the end group (2) and from the DG repeating unit (5þ5 0 ) (small contribution from TG is indicated in the Fig. 12 ). Because at $61 ppm there is a chemical shift of the carbon atom at the end group adjacent to the À ÀOH group (1þ1 0 ), it is possible to estimate the proportion of the DG units (comparing with integration for the EG units at $66 ppm). This comparison is rather rough, especially because of neglecting the triethylene glycol (TG) units (small signal of the middle ethylene group of this unit is visible at $70.2 ppm), and it gives $10% of the DG units for the spectrum presented in Figure 12 . The proportion of the DG units depends on the reaction conditions, the ratio of the starting components, temperature, time of reaction, and the catalyst used. No systematic studies have been undertaken in this area, although, for instance, in several experiments, particularly at lower temperature, the proportion of the DG (þTG) units was lower than 5%. To determine the presence of the TG units in the product the 2D NMR spectra were recorded. For the TG units there should be in the 31 P-1 H GRASP HMBC spectra, a region of the 1 H NMR spectra with no correlation with the 31 P{ 1 H} NMR. It follows from the cross peaks in Figure  13 that in the region from 3.50 to 4.00 ppm ( 1 H NMR) there is the 1 H-31 P coupling, and that in the down field (below 3.50 ppm) such a coupling is absent. Thus, below 3.5 ppm 1 H NMR signals belong to the internal oxyethylene units of TG. Usually their proportion is low, and could be (after identification of signals from the 2D NMR spectra, as shown above) estimated from 1 H NMR spectra. These results have been confirmed by determination of EG, DG, and TG in the products of acidic hydrolysis of the product of polycondensation (in preparation).
DG and TG are formed by dealkylation reactions, shown below: 
FORMATION OF POLY(ETHYLENE PHOSPHATES)
TOF-ms P n up to 21. Nevertheless, average P n as determined from the end groups is significantly lower. Oligomeric macromolecules (oligomolecules) with two À ÀOP(O)(OH) 2 , two À ÀCH 2 CH 2 OH, or two different end groups are formed. Oligomers with two acidic end groups (monoesters of H 3 PO 4 ) dominate. In this relatively simple and surprisingly not earlier described process, low-molecular mass macromolecules are formed because of the dealkylation reaction (ether bond formation) resulting from the nucleophilic attack of the HOCH 2 À À groups on the carbon atom, instead of the attack on phosphorus atom, responsible for the desired polycondensation. Typical P n determined by MTms is close to 5.0, whereas the largest individual macromolecules observed by MTms have degrees of polymerization close to 25. Dealkylation introduces repeating units of diethylene-and triethylene glycol and increasing proportion of acidic end groups.
